Research on Compression Performance of Flexible Graphite Packing Rings with Different Density  by Wang, F.Q. et al.
 Procedia Engineering  130 ( 2015 )  644 – 651 
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPVT-14
doi: 10.1016/j.proeng.2015.12.287 
ScienceDirect
Available online at www.sciencedirect.com
 
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3UHVVXUH9HVVHO7HFKQRORJ\
5HVHDUFKRQ&RPSUHVVLRQ3HUIRUPDQFHRI)OH[LEOH*UDSKLWH
3DFNLQJ5LQJVZLWK'LIIHUHQW'HQVLW\
)4:DQJD/==KDQJD</LE%<*RQJF+<;XF*.;LDRD5/&DLD
aThe Key Laboratory of Safety Science of pressurized system, Ministry of Education, School of Mechanical and Power Engineering, East China 
University of Science and Technology, Shanghai 200237, China; 
bNingbo Tiansheng Sealing Parts Co. Ltd, Zhejiang 315301, China; 
cShanghai Nuclear Engineering Research and Design Institute, Shanghai 200233, China. 
$EVWUDFW
)OH[LEOH JUDSKLWH SDFNLQJ ULQJV ZLWK GLIIHUHQW GHQVLW\ KDYH GLIIHUHQW FRPSUHVVLRQ SHUIRUPDQFH $FFRUGLQJ WR QXPHULFDO DQG
H[SHULPHQWDOPHWKRGV WKLVSDSHUVWXGLHG WKHFRPSUHVVLRQDQGUHVLOLHQFHSHUIRUPDQFHVWUHVV WUDQVIHUFKDUDFWHULVWLFVDQG ODWHUDO
SUHVVXUHFRHIILFLHQWVZLWKGLIIHUHQWGHQVLW\IURPJFPWRJFPXQGHUWKHDVVHPEO\FRQGLWLRQIRUWKHVLQJOHJUDSKLWH
SDFNLQJULQJVWKXVFRPSUHVVLRQFKDUDFWHULVWLFVRIIOH[LEOHJUDSKLWHSDFNLQJULQJVZLWKGLIIHUHQWGHQVLW\FDQEHREWDLQHG
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI,&397
Keywords:IOH[LEOHJUDSKLWHSDFNLQJULQJFRPSUHVVLRQSHUIRUPDQFHODWHUDOSUHVVXUHFRHIILFLHQW
,QWURGXFWLRQ
7KHSHUPHDELOLW\ RI IOH[LEOH JUDSKLWH SDFNLQJ IRU JDV DQG OLTXLG LV YHU\ JRRG DVZHOO DV LWV JRRG UHERXQGRI
FRPSHQVDWLRQ IRU VWUHVV UHOD[DWLRQZKLFKPDNHV LW RI JRRG VHDOLQJ SHUIRUPDQFH VR LQ UHFHQW \HDUV WKH IOH[LEOH
JUDSKLWH SDFNLQJ LV ZLGHO\ XVHG LQ WKH VHDO VWUXFWXUH RI 539 3UHYLRXV VWXGLHV >@ PRVWO\ FRQILQHG WR FRPELQH
VLPSOLILHGWKHRUHWLFDODQDO\VLVZLWKH[SHULPHQWDOVWXG\WRDQDO\]HWKHFRPSUHVVLRQSHUIRUPDQFHRIIOH[LEOHJUDSKLWH
SDFNLQJULQJ KHUHLQDIWHU UHIHUUHG WRDV³SDFNLQJ ULQJ´RI WKH VDPHGHQVLW\EXW WKH UHVHDUFKRQSDFNLQJ ULQJVRI


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:O]]KDQJ#HFXVWHGXFQ
© 2015 The Authors. Published by lsevier td. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPVT-14
645 F.Q. Wang et al. /  Procedia Engineering  130 ( 2015 )  644 – 651 
GLIIHUHQW GHQVLW\ KDYH QRW EHHQ UHSRUWHG0HDQZKLOH SUHVHQW UHVHDUFK DERXW WKH FRQWDFW SUHVVXUH GLVWULEXWLRQ RI
SDFNLQJ ULQJ LV DOVR LQVXIILFLHQW /DWHUDO SUHVVXUH GLVWULEXWLRQ RI SDFNLQJ ULQJ LV GLUHFWO\ UHODWHG WR WKH FRQWDFW
SUHVVXUHGLVWULEXWLRQEHWZHHQ WKHSDFNLQJULQJDQGVKDIWDVZHOODV WKHSDFNLQJULQJDQGFDYLW\LQ WKLVSDSHU WKH
LQQHU F\OLQGHU LQVWHDG RI VKDIW WKH RXWHU F\OLQGHU LQVWHDG RI FDYLW\ ZKLFK UHDFWV WKH VHDOLQJ SHUIRUPDQFH RI D
SDFNLQJULQJ$FFRUGLQJWRQXPHULFDODQGH[SHULPHQWDOPHWKRGVWKLVSDSHUVWXGLHGWKHFRPSUHVVLRQDQGUHVLOLHQFH
SHUIRUPDQFHVWUHVV WUDQVIHUFKDUDFWHULVWLFVDQGODWHUDOSUHVVXUHFRHIILFLHQWVRISDFNLQJULQJVZLWKGLIIHUHQWGHQVLW\
IURP  JFP WR  JFP XQGHU WKH DVVHPEO\ FRQGLWLRQ IRU WKH VLQJOH SDFNLQJ ULQJ WKXV FRPSUHVVLRQ
FKDUDFWHULVWLFVRISDFNLQJULQJVZLWKGLIIHUHQWGHQVLW\FDQEHREWDLQHG>@7KLVVWXG\ZLOODOVROD\DIRXQGDWLRQIRU
WKHIXUWKHUVWXG\RIG\QDPLFDQGVWDWLFVHDOLQJSHUIRUPDQFHVRIPXOWLOD\HUJUDSKLWHSDFNLQJULQJV
7HVWDSSDUDWXVDQGWHVWVSHFLPHQ
2.1. Test apparatus 
7HVW DSSDUDWXV XVHG KHUH LV PDGH XS RI ORDGLQJ V\VWHP VWUDLQ UHFRUGLQJ V\VWHP DQG SDFNLQJ ULQJ DVVHPEO\
V\VWHPDVVKRZQLQ)LJ
2.2. Test specimen 
7KHVL]HRIWKHSDFNLQJULQJLVĭîĭîPPLQQHUGLDPHWHUîRXWHUGLDPHWHUîKHLJKW7KHUHDUHWKUHH
GLIIHUHQW NLQGV RI QRPLQDO GHQVLW\ RI WKH WHVW VDPSOHV JFP  JFP  JFP $OO H[SHULPHQWV DUH
FRQGXFWHGDWURRPWHPSHUDWXUH,QRUGHUWRHOLPLQDWHWKHFRQWLQJHQF\RIWHVWUHVXOWVHDFKH[SHULPHQWLVUHSHDWHGIRU
WKUHHWLPHVIRUHDFKQRPLQDOGHQVLW\DQGWKHQWKHPHDQWHVWYDOXHLVFDOFXODWHG


)LJ7HVWDSSDUDWXV
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&RPSUHVVLRQUHVLOLHQFHWHVW
3.1. Test method 
,QWKHFRPSUHVVLRQUHVLOLHQFHWHVWWKHSDFNLQJULQJLVORDGHGDVVKRZQLQ)LJ7KHORDGLQJVSHHGDVZHOODV
XQORDGLQJVSHHGLVFRQWUROOHGDW03DV7KHPD[LPXPVWUHVVKHUHLVVHWDV03DRQWKHJODQGLVNHSWIRUV
DQG WKHQ WKH VHW LV XQORDGHG'XULQJ WKH SURFHVV RI ORDGLQJ DQG XQORDGLQJ WKH GHIRUPDWLRQ RI FRPSUHVVLRQ DQG
UHERXQG RI WKH SDFNLQJ ULQJ DUH UHFRUGHG UHVSHFWLYHO\ 7KH FRPSUHVVLRQUHVLOLHQFH FXUYH LV JHQHUDWHG LQ WKH
FRUUHVSRQGLQJFRQWUROOLQJVRIWZDUHDQGWKHFRPSUHVVLRQUDWHDQGUHVLOLHQFHUDWHDUHDXWRPDWLFDOO\FDOFXODWHG
3.2. Result and analysis 
&RPSUHVVLRQGHIRUPDWLRQRI SDFNLQJ ULQJXQGHU D[LDO VWUHVVLH JODQGSUHVVXUH DQG UHVLOLHQFH GHIRUPDWLRQRI
SDFNLQJULQJGXULQJXQORDGLQJDUHVKRZQLQ)LJGLVWKHD[LDOVWUHVV03D,QGH[DQGUHVSHFWLYHO\UHSUHVHQW
D[LDOVWUHVVGXULQJORDGLQJDQGXQORDGLQJ7KHQWKHUHODWLRQVKLSEHWZHHQD[LDOVWUHVVDQGGHIRUPDWLRQQDPHO\WKH
FRPSUHVVLRQUHVLOLHQFHFXUYHFDQEHREWDLQHGDVVKRZQLQ)LJ
 
  
)LJ&RPSUHVVLRQGHIRUPDWLRQRISDFNLQJULQJXQGHUD[LDOVWUHVVDQGUHVLOLHQFHGHIRUPDWLRQZLWKXQORDGLQJVWUHVV


)LJ&RPSUHVVLRQUHVLOLHQFHFXUYH
&RPSUHVVLRQUDWHDQGUHVLOLHQFHUDWHFDQEHFDOFXODWHGDVIROORZLQJ
î0035 UDWH5HERXQGî033 UDWHQ&RPSUHVVLR  
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ZKHUHPLVLQLWLDOKHLJKWRISDFNLQJULQJPPM LVWKHKHLJKWXQGHUWKHPD[LPXPD[LDOVWUHVVPPRLVWKHKHLJKW
RISDFNLQJULQJDIWHUWRWDOO\XQORDGHGPP7KHUHVXOWLVVKRZQLQ7DEOH
,W FDQEH VHHQ IURP7DEOH  WKDW WKH FRPSUHVVLRQ UDWHRI SDFNLQJ ULQJGHFUHDVHVZLWK WKH LQFUHDVHRI GHQVLW\
ZKLOHWKHUHVLOLHQFHUDWHLQFUHDVHV:KHQWKHGHQVLW\LVWRRVPDOOWKHFRPSUHVVLRQUDWHLVODUJHDQGWKHUHVLOLHQFHUDWH
LVVPDOOLWZRXOGFDXVHXQZLOOLQJLQIOXHQFHRQWKHVHDOLQJXQGHUWKHFRQGLWLRQRIWKHVWUHVVUHOD[DWLRQ>@:KHQWKH
GHQVLW\LVWRRODUJHFRPSUHVVLRQGHIRUPDWLRQLVVPDOOLWZRXOGEHXQIDYRUDEOHIRUWKHVHDOLQJEHWZHHQWKHVHDOLQJ
VXUIDFHV6RWKHGHQVLW\RISDFNLQJULQJVVKRXOGEHFKRVHQSURSHUO\
7DEOH&RPSUHVVLRQDQG5HVLOLHQFHUDWHRIVLQJOHSDFNLQJULQJZLWKGLIIHUHQWGHQVLW\
'HQVLW\JFP &RPSUHVVLRQUDWH˄˅ 5HVLOLHQFHUDWH˄˅
  
  
  
$[LDOVWUHVVWUDQVIHUWHVW
4.1. Test method  
7KHWHVWSURFHVVRIWKHD[LDOVWUHVVWUDQVIHUWHVWLVVDPHDVWKHFRPSUHVVLRQUHVLOLHQFHWHVW'XULQJWKHSURFHVVRI
ORDGLQJWKHFRUUHVSRQGLQJJODQGIRUFHFDQEHDXWRPDWLFDOO\FDOFXODWHGWKHSUHVVXUHSURGXFHGE\WKHDSSDUDWXVLV
DSSOLHGRQWKHXSSHUVXUIDFHRIWKHSDFNLQJULQJWKURXJKWKHJODQGWKHSDFNLQJULQJLVFRPSUHVVHGDQGSDUWRIWKH
SUHVVXUHLVGHOLYHUHGWRWKHORZHUVOHHYHZKLFKOHDGVWRWKHGHIRUPDWLRQRIORZHUVOHHYH:KHQWKHD[LDOVWUHVVLV
FHUWDLQ WKH ODUJHU WKHGHIRUPDWLRQ LV WKHELJJHUSDUWRI WKHSUHVVXUH LVGHOLYHUHG IRUSDFNLQJ ULQJVZLWKGLIIHUHQW
GHQVLW\7KHD[LDOVWUDLQJDXJHDIIL[HGRQWKHORZHUVOHHYHUHFRUGVWKLVGHIRUPDWLRQDVVKRZQLQ7DEOH
7DEOH$[LDOVWUDLQRIORZHUVOHHYHGHOLYHUHGE\SDFNLQJULQJZLWKGLIIHUHQWGHQVLW\
'HQVLW\JFP *ODQGIRUFH.1 $[LDOVWUDLQȝİ
  
  
  

,Q RUGHU WR NQRZ DERXW WKH FRPSUHVVLRQ FKDUDFWHULVWLF RI WKH ORZHU VOHHYH D SUHWHVW LVPDGH WR JHW WKH D[LDO
IRUFHVWUDLQFXUYHIRULWVPDWHULDO,QWKLVSUHWHVWWKHORDGLVDSSOLHGZLWKRXWSDFNLQJULQJ7KHWHVWUHVXOWVDQGWKH
FRUUHVSRQGLQJILWWLQJFXUYHDUHVKRZQLQ)LJ

)LJ7KHD[LDOIRUFHVWUDLQFXUYHRIWKHORZHUVOHHYH

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FFbax u u H   
ZKHUH xH LVD[LDOVWUDLQȝİF LVD[LDOIRUFH.1
6XEVWLWXWHGWKHH[SHULPHQWDOD[LDOVWUDLQYDOXHDVVKRZQLQ7DEOHLQWRWKH(TWKHQWUDQVLWLYHD[LDOIRUFH
RQORZHUVXUIDFHRIWKHSDFNLQJULQJFDQEHREWDLQHGDVVKRZQLQ7DEOH
7DEOH7UDQVIHUUHODWLRQVKLSRID[LDOIRUFHIRUSDFNLQJULQJZLWKGLIIHUHQWGHQVLW\
'HQVLW\JFP 7UDQVLWLYHD[LDOIRUFH.1 *ODQGIRUFH.1 7UDQVPLVVLELOLW\
   
   
   
4.2. Results and analysis 
$VFDQEHVHHQIURPWDEOHWUDQVPLVVLELOLW\RIVLQJOHSDFNLQJULQJLVODUJHUWKDQWKHWUDQVLWLYHD[LDOIRUFHLV
LQFUHDVLQJZLWKWKHLQFUHDVHRIGHQVLW\XQGHUWKHVDPHJODQGIRUFH$[LDODWWHQXDWLRQDORQJWKHD[LVLVPDLQO\GXHWR
WKHIULFWLRQEHWZHHQWKHSDFNLQJULQJDQGWKHVXUIDFHRIWKHF\OLQGHUV>@
/DWHUDOSUHVVXUHFRHIILFLHQWWHVW
5.1. Test method  
,QWKLVWHVWWKHD[LDOVWUHVVLVDSSOLHGWRYDU\IURP03DWR03DIRUHDFKVWHSZLWK03DORDGLQJVSHHGLV
03DVWKHNHHSLQJWLPHIRUHDFKVWHSVWUHVVLVV'XULQJWKHSURFHVVRIORDGLQJODWHUDOSUHVVXUHLVJHQHUDWHG
7KHQ WKH LQQHU DQGRXWHU F\OLQGHUV DUHGHIRUPHGXQGHU WKH ODWHUDO SUHVVXUHZKLFK FDQEHPHDVXUHGE\ WKH KRRS
VWUDLQJDXJHVDIIL[HGRQWKHF\OLQGHUVXUIDFH
7KHSDFNLQJ ULQJ LV VRIW SDFNLQJ IRU UDGLDO VHDO ODWHUDO SUHVVXUH FRHIILFLHQW LV XVHG WR GHVFULELQJ WKH YDOXH RI
ODWHUDOSUHVVXUHXQGHUWKHD[LDOVWUHVVIRUVLQJOHSDFNLQJULQJ7KHFRHIILFLHQWVFDQEHFDOFXODWHGDFFRUGLQJWR(T
>@
GQK ii   GQK oo    
ZKHUH iK LV WKH ODWHUDO SUHVVXUH FRHIILFLHQW EHWZHHQ SDFNLQJ DQG LQQHU F\OLQGHU oK LV WKH ODWHUDO SUHVVXUH
FRHIILFLHQWEHWZHHQSDFNLQJDQGRXWHUF\OLQGHU iQ LVODWHUDOSUHVVXUHEHWZHHQSDFNLQJDQGLQQHUF\OLQGHU03D oQ
LVODWHUDOSUHVVXUHEHWZHHQSDFNLQJDQGRXWHUF\OLQGHU03DG LVD[LDOVWUHVV03D
7KH ODWHUDO SUHVVXUH iQ DQG oQ FDQ¶W EH GLUHFWO\ PHDVXUHG E\ H[SHULPHQW 7KH FRHIILFLHQWV iK DQG oK DUH
GHWHUPLQHGZLWKH[SHULPHQWDOQXPHULFDOPHWKRG>@7KDWLVWKHUHODWLRQVKLSEHWZHHQD[LDOVWUHVVG DQGKRRSVWUDLQ
FDQ EH REWDLQHG WKURXJK H[SHULPHQW  WKH UHODWLRQVKLS EHWZHHQ ODWHUDO VWUHVVQ DQG KRRS VWUDLQ FDQ EH REWDLQHG
WKURXJKILQLWHHOHPHQWPHWKRG)(06RIRUHDFKD[LDOVWUHVVG RQHFRUUHVSRQGLQJKRRSVWUDLQFDQEHPHDVXUHG
DQGRQHFRUUHVSRQGLQJODWHUDOSUHVVXUHFDQEHFDOFXODWHG7KHQWKHFRHIILFLHQWK  iK DQG oK LVREWDLQHG
5.2. Finite element calculation 
$FFRUGLQJWRJHRPHWU\RIWKHH[SHULPHQWDOGHYLFHDWZRGLPHQVLRQDOD[LV\PPHWULFIRXUQRGHSODQH4XDG
HOHPHQWPRGHOLVHVWDEOLVKHGDVVKRZQLQ)LJH LVWKHKHLJKWRISDFNLQJULQJXQGHUWKHPD[LPXPJODQGSUHVVXUH
ZLWKWKHXQLWPP)LJVKRZVWKHUHODWLRQVKLSEHWZHHQODWHUDOSUHVVXUHDQGKRRSVWUDLQRILQQHUF\OLQGHU iS DWSRLQW
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%DQGRXWHU F\OLQGHU oS RISRLQW$ H DQG H DQG H UHVSHFWLYHO\ UHSUHVHQW WKHSUHVVHGSDFNLQJ ULQJVZLWK WKH
QRPLQDOGHQVLW\RIJFPJFPDQGJFP7KHODWHUDOSUHVVXUHQ YDULHGEHWZHHQ03DWR03D
ZLWKDVWHSRI03DLVDSSOLHGWRWKHOLPLWHGVXUIDFHRILQQHUDQGRXWHUF\OLQGHUVFRUUHVSRQGLQJWRWKHUHDOSDFNLQJ
FRQWDFW VXUIDFH 7KH F\OLQGHUV FUHDWH GHIRUPDWLRQ XQGHU SUHVVXUHQ  WKHQ WKH KRRS VWUDLQ LQ SRLQWV $ DQG % LV
PHDVXUHG7KHODWHUDOSUHVVXUHDQGKRRSVWUDLQFXUYHVFDQEHREWDLQHGDVVKRZQLQ)LJ iS LVKRRSVWUDLQRILQQHU
F\OLQGHUȝİ oS LVKRRSVWUDLQRIRXWHUF\OLQGHUȝİ


)LJ/RDGDQGJULGJUDSKIRU)(PRGHO


)LJ5HODWLRQVKLSEHWZHHQODWHUDOSUHVVXUHDQGKRRSVWUDLQE\)(
5.3. Results and analysis 
)LJXUHLVWKHUHODWLRQVKLSEHWZHHQD[LDOVWUHVVG DQGKRRSVWUDLQPHDVXUHGLQWKHWHVW)RUDFHUWDLQKRRSVWUDLQ
WKH FRUUHVSRQGLQJ ODWHUDO SUHVVXUH Q FDQ EH REWDLQHG IURP )LJ 7KHQ WKH FRHIILFLHQW K FDQ EH FDOFXODWHG
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DFFRUGLQJWR(T)LJDνFDUHWKHUHODWLRQVKLSEHWZHHQD[LDOVWUHVVG DQGODWHUDOSUHVVXUHFRHIILFLHQW K 
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